Disorder induced collapse of the electron phonon coupling in MgB 2 observed by 

Raman Spectroscopy 
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The Raman spectrum of the superconductor MgE>2 has been measured as a function of the Tc 
of the film. A striking correlation is observed between the T c onset and the frequency of the E2 g 
mode. Analysis of the data with the McMillan formula provides clear experimental evidence for 
the collapse of the electron phonon coupling at the temperature predicted for the convergence of 
two superconducting gaps into one observable gap. This gives indirect evidence of the convergence 
of the two gaps and direct evidence of a transition to an isotropic state at 19 K. The value of the 
electron phonon coupling constant is found to be 1.22 for films with T c 39K and 0.80 for films with 
T c <19K. 

PACS numbers: 74.25.Kc, 74.62.-c, 74.62.Dh 



Since the discovery of superconductivity in MgB2 in 
January 2001 1] a large volume of work has been di- 
rected towards developing and improving the quality of 
MgB 2 thin films 0- The temperature of the onset of 
superconductivity (T c ) in these films has varied consid- 
erably, although there is no consensus on the mechanism 
behind the T c suppression. Nonetheless, theoretical mod- 
els suggest that a two band superconductivity model is 
needed to explain the high T c in MgB 2 0, 0, S 0. As 
inter-band scattering increases due to impurities in the 
boron layer, so the two gaps in MgB 2 are predicted to 
converge into one gap with A CT = A T = 4.1 meV [||; this 
transition is predicted to occur as the T c is suppressed 
below 25 K [6| . Measurements of the phonon energies in 
YBa 2 Cu307_5 helped the understanding of the relation 
between the crystal structure and the T c in this mate- 
rial 7]. Therefore, similar measurements made on MgB 2 
films with different T c s may help to elucidate the mecha- 
nisms behind the suppression of the critical temperatures 
in MgB 2 , while casting light on the nature of the two 
band superconductivity. 

Numerical calculations indicate that in MgB 2 there are 
two phonon modes involving vibrations along the c-axis 
(j4 2u and B\ g ) and two doubly degenerate modes with 
vibrations only in the ab plane {E\ u and -E 2g ) [8|; for 
the P^mmm space group to which MgB 2 belongs, only 
the Ei g mode is Raman active Predictions for the 
frequency of the Ei g mode vary between 515 cm -1 (64 
meV) and 665 cm 1 (82 meV) |l0j . while experimen- 
tal studies have shown a broad Raman mode between 
600 cm- 1 and 630 cm" 1 d [H E H H E H E3 . 
The consensus is that this mode is the Ei g mode, how- 
ever, there remains controversy about this assignment 
0,0, with Kunc et al. Q concluding that this mode was 
due to a "contaminant phase at the sample surface" . In 
this letter Raman spectroscopy has been used to charac- 
terise the quality of MgB 2 films both in terms of impurity 
phases and disorder. The effects of a suppressed T c on the 



phonon mode at ^600 cm^ 1 were studied. Both magne- 
sium stoichiometry and oxygen contamination may play 
a role in determining the T c 0, [2(| . It has been shown 
previously that as-grown films of MgB 2 can have sig- 
nificant magnesium concentration gradients through the 
thickness of the film [2l|. This effect is equally likely 
where a precursor boron film has been annealed in mag- 
nesium vapor. Therefore, measurement of the supercon- 
ducting properties of a post-annealed boron film through 
the thickness of the film would give an indication as to 
the effect of magnesium stoichiometry on the T c . 

The films used in this study were prepared by two dif- 
ferent techniques to produce films with different T c s. The 
samples were either grown by DC magnetron sputtering 
from separate Mg and B targets onto c-sapphire sub- 
strates at room temperature, followed by an anneal at 
varying temperatures and times with the substrates face 
down on the heater j2^ , or they were produced by ex-situ 
annealing of evaporated boron films in magnesium vapor 
[2^|. X-ray analysis showed that the ex-situ annealed 
films had c-axis orientation |2^| however, no evidence of 
any orientation was found in the sputtered films. Atomic 
force microscopy (AFM) indicated that over the sput- 
tered films there was little change in crystallite size with 
the average crystallite measuring ^100 nm. In compar- 
ison, the ex-situ films had an average crystal size less 
than 100 nm. An ex-situ annealed boron film of nomi- 
nal thickness 500 nm and T c of ~39 K was then formed 
into a staircase structure with step heights of ^30 nm 
by a standard lithography technique followed by broad- 
beam Ar ion milling (500 V, 1 mA cm -2 beam), shown 
schematically in the inset to Fig. [21 Raman spectra 
taken before and after the first milling process did not 
show any appreciable effect due to the milling process or 
the aqueous photoresist developer used and so the effects 
of the patterning process were taken to be negligible. 

Raman spectra were taken using a Renishaw Ramas- 
cope 1000 with an Ar ion laser at 514nm at room tern- 
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perature. The laser spot size was 3^m x 3/im. In order 
for the background removal to be systemmatic across the 
series, the background removal method of Postorino et al, 
was used ^lj which is fully described in and refer- 
ences therein. Error bars on the phonon frequency were 
estimated from fitting several spectra from different parts 
of the same film and calculating the standard deviation. 
Resistance data were taken by a normal four point con- 
tact technique. The Raman spectra of films with T c —38 
K could be fitted well by a broad (FWHM ~180 cm" 1 ) 
Lorentzian curve centred at 611 cm -1 , with some evi- 
dence of secondary peaks at 400 cm -1 and ~ 700 cm" 1 , 
previously associated with disorder in the structure of 
the MgB 2 , HH Ei, see Fig. □ Figure Hb shows the 
Raman spectrum of a film with a T c of 12. 5K, where 
the frequency of the main mode has decreased to ~535 
cm -1 . There is also evidence of additional, higher fre- 
quency contributions, the origins of which are unknown 
but may include contributions from B2O3 and will be 
discussed in a future publication. 

The main panel of Fig. [2] shows the frequency of the 
E2 g mode as a function of T c . As the T c of the films 
decreases from 38 K to 22 K, the frequency of the E 2g 
mode decreases from 615 cm" 1 to ~600 cm -1 , values 
similar to the range reported in 0, 0, 0, 0] . As the T c 
of the films is suppressed below 20 K, there is a sudden 
large drop in the frequency of this mode from 600 cm" 1 
to 540 cm" 1 (7 meV) over an 8 K drop in T c . The inset to 
Fig. [21 shows the resistivity as a function of temperature 
in two films of very different onset T c . 

Figure [3 shows the frequency of the Ei g mode through 
the thickness of the film LI. The frequency of this mode 
drops in the first 150 nm of the surface of the film from 
611 cm" 1 to -600 cm whereupon it stays approxi- 
mately constant throughout the film thickness. The de- 
pendence of the E2 g mode on the T c indicated in Fig. [2]is 
again seen in the staircase film. RT data was taken on the 
staircase film by means of wire bonding contacts to each 
individual step and measuring the voltage drop across 
each step individually, in sequence, as a function of tem- 
perature. Resistance vs temperature measurements indi- 
cated a region of activated transport immediately above 
the superconducting transition temperature across the 
second and third thinnest steps, reminiscent of some of 
the films with depressed T^s both in Fig. [21 and in the 
literature, see for example |19j . 

The strong dependence of the frequency of the mode 
detected at around 600 cm" 1 on the T c of the film sug- 
gests that an internal mechanism is at work for the sup- 
pression of T c in these films and would appear to rule out 
this mode being a surface contaminant. In order to un- 
derstand the relationship between the phonon frequency 
and the T c , the McMillan formula [24| may be used: 
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where, following the method of ref. [3( we have taken 
(tuiog) = (717 x lo 2 E2s x435) - 25 with 717 and 435 being the 
phonon frequencies of other modes in the MgB 2 system 
taken from ref. (25|. fi* is the Coulomb pseudopotential, 
taken as equal to 0.13 |(|, and A is the electron phonon 
coupling constant. For single crystal (T c — 38K) MgB 2 , 
A CT CT = 1.29 [2(| . Taking these values and uJE 2g — 620 cm" 1 
gives T c = 43 K. For the films of lower T c a lower value 
of A must be used if the T c found from Eq. 1 is to agree 
with that found experimentally. In films of high Tc with 
little interband scattering, the effective coupling param- 
eter is given by the maximum eigenvalue of the matrix 
given by the interaction parameters multiplied by the 
density of states in that band . For MgP> 2 this is closer 
to X arT than to X V7T [{|. However, in the limit of strong 
interband scattering, so the effective coupling parameter 
becomes a weighted average over all of the bands (2^ and 
is therefore reduced. Although the use of the McMillan 
formula using an average value of A has been questioned 
[2sj |. it has been used successfully in other studies where 
a higher value of A is used @, EH ■ A simple average gives 
A = 0.458, which leads to a T c {uJE 2g = 540 cm" 1 ) of 
1.6 K. If, instead, a value of A = 0.80 is taken a much 
better fit is obtained to the data, see Fig. 01 The data 
may be fitted very well assuming A is 1.22 for the high T c 
films and 0.80 for the films with lower T c . Although the 
model used is simple and hence accurate determination 
of the electron phonon coupling cannot be assumed, the 
results roughly correspond with those obtained via the 
de Haas van Alphen effect |^. Particularly important 
though is that the electron phonon coupling must drop 
substantially at ~ 19 K, indicating that a fundamental 
change to the nature of the superconducting state is oc- 
curing. Such a shift in the value of the electron-phonon 
coupling would be expected if the superconducting state 
became isotropic and the two gaps merged into one su- 
perconducting gap. The point at which this occurs may 
be estimated from the point at which the data can be 
fitted by a lower range of A. Comparing Fig. 01 with Fig. 
[21 indicates that this occurs at T c = 19±1 K, in satisfac- 
tory agreement with the predicted value of 25 K and 
excellent agreement with the 19 K value given by Choi 
et al. HI and Mazin et al, Hjjj. 

The T c data from the thick film made into a stair- 
case structure indicate that the physical mechanism be- 
hind the T c suppression may be in part attributable to 
magnesium stoichiometry. An additional factor that may 
arise particularly in the lower T r films is that of oxygen 
alloying into the MgB 2 film [ljj. As well as changing 
the lattice parameters and, therefore, the phonon fre- 
quencies, an additional effect of oxygen alloying into the 
boron plane would be to introduce defects into the boron 
layer thereby causing the increase in interband scatter- 
ing which leads to the collapse of the two gaps into one 
U 3 0-0 It is therefore possible that the reduction 
of T c in this region is caused by such a mechanism with 



3 



the frequency of the E2 g mode reflecting the presence of 
the oxide impurities within the boron layers. Although 
the Raman spectrum of an Mg x B y 2 compound is un- 
known, a symptom of such alloying may be the presence 
of B2O3 in the grain boundary regions [3l]]. Taking the 
ratio of the intensity of the 808 cm B2O3 mode 32] to 
the ~600 cm -1 mode of MgB2 gives an indication as to 
the relative abundance of the two compounds. As the T c 
drops, the ratio of oxide to MgB2 content increases, how- 
ever, such analysis needs very careful consideration as no 
work has yet been done on the intensity of the 600 cm -1 
mode as a function of structure and it is not unfeasible 
that it is varying independently of the amount of oxide 
in the film. 

In conclusion, we have shown that the mode at ~600 
cm -1 in MgB2 is strongly correlated with the T c which 
would support the hypothesis that this mode is the 
sought after E-^g mode in MgB2. Raman spectra taken 
as a function of thickness through a thin film allowed 
a prediction of a T c drop between the surface layer and 
the substrate layer which was later observed by transport 
data taken across the film. The reduction in T c observed 
in MgB2 was attributed to a mixture of magnesium off- 
stoichiometry and oxygen alloying into the boron layers. 
However, on its own, the drop in frequency of the phonon 
mode is not enough to explain the drop in T c that is ob- 
served. Such a decrease may only be explained if the 
electron phonon coupling constant changed abruptly be- 
tween 19 and 25 K from A ~ 1.22 for films with T c > 
19K to A - 0.8 for T c < 19K, consistent with the ex- 
pected transition from a two gap superconductivity in 
MgB2 samples with high values of T c to one in which 
there is only one, isotropic, superconducting gap for sam- 
ples that have high interband scattering and a reduced 
value of T c . 
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Figure Captions 

FIG. 1. Raman spectra (thick solid line) of (a) a film 
with T c = 38K and (b) with T c = I2.5K, the E 2g mode 
fit is shown as the dotted line in the figure, also shown 
are additional contributions at 400 cm -1 and 700 cm -1 
in (a), while the grey line in (b) is a fit to a peak of 
unknown origin. 

FIG. 2. Wave number of the Ei g mode for films of 
different T c , inset shows the resistivity as a function of 
temperature for two films across the series. 

FIG. 3. Wave number of the Ei g mode as a function 
of the T c through the thickness of film LI, inset shows 
the staircase structure of the film. 

FIG. 4. The T c as a function of phonon frequency for 
the thin films with different T c (■), the staircase struc- 
ture film (o) and the fit to the data using the McMillan 
formula with A = 0.8,1.22,1.29 (dashed lines). 
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